Colorectal Cancer Who Do and Do Not Receive Chemotherapy: A Prospective, Longitudinal, Controlled Study (J Clin Oncol 2015;33(34):4085-4092.) Purpose: Cognitive dysfunction is reported in people with cancer. Therefore, we evaluated longitudinal changes in cognitive function and underlying mechanisms in people with colorectal cancer (CRC) and healthy controls (HCs). Patients and methods: Participants completed cognitive assessments and questionnaires reporting cognitive symptoms, fatigue, quality of life, and anxiety/depression at baseline (before chemotherapy, if given) and 6, 12, and 24 months. Blood tests included cytokines, clotting factors, apolipoprotein E genotype, and sex hormones. Primary end point was overall cognitive function measured by the Global Deficit Score at 12 months. Results: We recruited 289 patients with localized CRC (173 received chemotherapy; median age, 59 years; 63% male), 73 patients with limited metastatic/recurrent CRC, and 72 HCs. Cognitive impairment was more frequent in patients with localized CRC than HCs at baseline (43% vs. 15%, respectively; P < .001) and 12 months (46% vs. 13%, respectively; P < .001), with no significant effect of chemotherapy. Attention/working memory, verbal learning/memory, and complex processing speed were most affected. Cognitive impairment was similar in patients with localized and metastatic CRC. Cytokine levels were elevated in patients with CRC compared with HCs. There was no association between overall cognitive function and fatigue, quality of life, anxiety/depression, or any blood test. Cognitive symptoms at 12 months were reported in 25% of patients with localized CRC versus 17% of HCs (P = .19). More participants who received chemotherapy had cognitive symptoms at 6 months (32%) versus those who did not (16%; P = .007), with no significant difference at 12 months (29% vs. 21 %, respectively; P = .19). Objective cognitive function was only weakly associated with cognitive symptoms. Conclusion: Patients with CRC had substantially more cognitive impairment at every assessment than HCs, with no significant added effect of chemotherapy. Mechanisms of cognitive impairment remain unknown.
■ ■ Introduction
At diagnosis, approximately 30% of women with breast cancer have impairment on formal neuropsychological testing. [1] [2] [3] In some women, this may be exacerbated by adjuvant chemotherapy, but most women have subsequent improvement, although for 15% to 45%, the effects are sustained. 2, 4, 5 Less is known about cognitive function in people with colorectal cancer (CRC). Two single-arm studies have evaluated cognitive function in patients with CRC after oxaliplatin/fluorouracil chemotherapy. One reported no cognitive impairment but was limited by small sample size, lack of a comparator group, use of a brief cognitive battery, and failure to account for practice effect. 6 The other study reported 37% to 39% cognitive impairment before and 6 months after chemotherapy, with a decline from baseline in 52% of participants, particularly in verbal memory. 7 We recently published baseline data from a prospective longitudinal study evaluating cognitive function in patients with CRC, which showed that 43% had objective cognitive impairment shortly after diagnosis, compared with 15% in healthy controls (HCs) without cancer. 8 There was no significant difference in probability of cognitive impairment based on disease stage or whether cognitive assessments were performed before or after surgery. Neuropsychological performance was not associated with perceived cognitive function, fatigue, anxiety/depression, or quality of life (QOL), but these variables were associated with each other. Here, we present the results of longitudinal cognitive assessments at 6, 12, and 24 months, with evaluation of candidate mechanisms by which cancer and chemotherapy might lead to cognitive impairment.
■ ■ Patients and methods
Patient characteristics and methods are described in Vardy et al. 8 The main study compared cognitive function and fatigue in the following three groups: patients with stage III or high-risk stage II CRC, treated with surgery and adjuvant or neoadjuvant chemotherapy; patients who underwent surgery but did not receive chemotherapy, most of whom had stage I or II CRC; and HCs. A substudy comprised patients with limited metastatic or locally recurrent CRC who received first-line chemotherapy for metastatic disease.
Participants were ≤ 75 years old at baseline with no prior malignancy or comorbidities that might impact on cognitive performance and at least year 8 English fluency. 8 Participants with localized CRC were chemotherapy naïve, and recurrence of disease resulted in their withdrawal from the study. Participants with metastatic/ recurrent disease could have received (neo)adjuvant chemotherapy more than 12 months previously.
Participants with CRC were recruited from hospitals in Toronto, Canada (n = 235), and Sydney, Australia (n = 127). HCs were from Sydney and were generally family or friends of patients with cancer. The study had research ethics board approval at each institution, and all participants provided written informed consent.
■ ■ Assessments
Cognitive testing and patient-reported outcome (PRO) questionnaires were completed and blood collected at baseline (before chemotherapy, if given) and 6 and 12 months for all participants, except blood tests were not required for participants with recurrent/metastatic CRC. Patients with localized CRC also completed assessments at 24 months.
Cognitive function was evaluated by clinical neuropsychological tests, the computerized Cambridge Neuropsychological Test Automated Battery (CANTAB), and the modified Six Elements Test. 8 PROs included the Functional Assessment of Cancer Therapy-Fatigue (FACT-F), which incorporates the FACT-General 9,10 evaluating general QOL, the FACT-Cognitive Function version 2 11 evaluating cognitive symptoms, and the General Health Questionnaire-12 assessing anxiety and depression. 12 Blood tests included CBC, creatinine, liver function tests, carcinoembryonic antigen, sex hormones, selected cytokines, markers of blood clotting, and apolipoprotein genotyping. 8 
■ ■ Analysis of cognitive function
Raw scores from the clinical neuropsychological tests and CANTAB were converted to demographically corrected T or Z scores (based on age, education, and sex), 13 and a deficit score ranging from 0 (no impairment, T score > 39) to 5 (severe impairment, T score < 20) was derived. Deficit scores were averaged to determine Global Deficit Scores (GDS) to reflect overall cognitive performance for the clinical neuropsychological tests and CANTAB. 14 Force criteria of ≥ 2 standard deviations below HCs on at least one cognitive test or ≥ 1.5 standard deviations below HCs on two or more tests. 15 Primary end points were cognitive function (GDS for clinical neuropsychological tests) and fatigue (FACT-F subscale). Detailed information about fatigue will be presented elsewhere. Secondary end points included other aspects of cognitive function and PROs; candidate mechanisms and associations between primary and secondary end points were explored. Change in cognitive function with time was based on summary regression-based change scores of raw neuropsychological summary scores, with adjustment for practice effect based on time-dependent changes in cognitive scores for the HCs. 16 Regression-based change scores were determined for each individual from their baseline performance with adjustments for demographics (age, sex, and education) and time between assessments. Multiple linear regression was used to predict test scores. The 5% and 95% cutoffs of the summary regression-based change scores among HCs were used to classify patients with CRC as improvers, stable, or decliners (ie, those greater than, within, or less than the 90% CI for HCs). 17 
■ ■ Statistical analysis
The Kruskal-Wallis test was used for continuous variables, the Cochran-Armitage test for ordinal variables, and χ 2 tests for categorical variables, to compare between groups at baseline. Linear mixed models assessed longitudinal association between CRC group and global T score as a result of skewedness of GDS. An interaction term between CRC group and time (grouptime) was added into regression models to examine its influence on time-dependent neurocognitive performance. Kaplan-Meier methods compared time to decline in cognitive function (decliners vs. stable/ improved) for participants with CRC and HCs, whereas risk ratios for earlier cognitive decline were estimated using Cox proportional hazards regression. Associations between outcomes were derived using Spearman rank sum correlation coefficients. P values are two-sided and reported as unadjusted values. Analyses were performed in SAS version 9.0 (SAS Institute, Cary, NC).
As described previously, 8 a sample size of 170 patients who received chemotherapy and 120 patients who did not gave 80% power to detect a difference of 8% in incidence of cognitive impairment at 12 months based on expected rates of 20% and 12%, respectively. The HCs (n = 72) provided power to detect a ≥ 20% difference in baseline cognitive impairment between patients with localized CRC and HCs. Sample size for participants with meta-static/recurrent disease was set arbitrarily at 75 patients.
■ ■ Results
There were 434 participants, including 289 patients with localized CRC, of whom 173 received chemotherapy and 116 did not, 73 patients in the metastatic/recurrent group, and 72 HCs. Figure 1 details the number of participants tested at each assessment and reasons for attrition. Patients with CRC who completed more assessments had higher levels of education (P = .025) and were more likely to be primary English speakers (P < .001).
Demographics and baseline characteristics of disease and treatment are listed in Table 1 . Median age of patients with localized CRC was 59 years (range, 23 to 75 years), and 63% were men. Groups were relatively well balanced except that baseline assessment in patients who received chemotherapy occurred at a median 6.8 weeks after surgery, compared with 9.2 weeks in patients who did not receive chemotherapy, and HCs included more women than men and more HCs had English as their primary language than patients with CRC. 
■ ■ Cognitive function
At baseline, 43% of participants with localized CRC had cognitive impairment based on GDS for the clinical neuropsychological tests, compared with 15% of HCs (P < .001). There was no significant difference between participants evaluated before surgery who received subsequent neoadjuvant chemotherapy and those evaluated after surgery. Adjusting for practice effect, rates of cognitive impairment were 39%, 46%, and 36% at 6, 12, and 24 months, respectively, in the localized CRC group, compared with 6% and 13% in HCs at 6 and 12 months, respectively (all P < .001; Figure 2A and Table 2 ). Using International Cancer and Cognition Task Force criteria, there was cognitive impairment in 48% to 52% of patients with localized CRC at all time points, compared with 13% to 19% of HCs (all P < .001; Figure 2B ). There were no significant differences at any assessment in clinical neuropsychological test results between those who received chemotherapy and those who did not or between those with localized and those with recurrent/metastatic cancer. Patients with CRC had impaired processing speed, verbal learning and memory, and attention and working memory domains, with higher rates of cognitive impairment than HCs at every time point (Table 3) . Participants who completed more assessments had less cognitive impairment than those who dropped out earlier (P = .012).
Consistent results were obtained using the computer-based CANTAB; patients with localized CRC had significantly more impairment than HCs at each assessment ( Figure 2C) , with no significant differences between patients who did and did not receive chemotherapy. observed particularly in the domains of attention and complex reaction time and spatial working memory. Moderate association was seen between the GDS for clinical neuropsychological tests and the CANTAB at each time point (r = 0.46 to 0.51; P < .001). No differences by group were found on the Six Elements Test.
Preplanned subgroup analysis by chemotherapy regimen found no difference in rates of cognitive impairment in those who received adjuvant fluorouracil or capecitabine at baseline or 6 months compared with those who received an oxaliplatin regimen, but impairment was more common at 12 and 24 months in those who received fluorouracil (P = .017).
■ ■ Predictors of cognitive impairment
For all participants, group, time, grouptime interaction, sex, and primary language were significant predictors of cognitive impairment on global T scores, but age and education were not. On multivariable analysis, all variables except group-time interaction for localized CRC remained significant. Our model found that patients with localized CRC (P < .001) and metastatic CRC (P = .003) had significantly lower global T scores compared with HCs. Multivariable analysis of the localized CRC group only found no significant difference between those who did and did not receive chemotherapy, but women had lower global T scores than men (P < .001). There was no difference by country of residence. Followup time was positively associated with improvement in neurocognitive function (P = .016), except for those with recurrent/ metastatic disease who experienced a decline in neurocognitive performance relative to HCs (P = .002). Associations between CANTAB and CRC study group were similar to the clinical neuropsychological results.
We examined the effects of CRC disease status and key demographic characteristics 
FIGURE 2 ■■■Prevalence of overall neuropsychological impairment (NPI) by study group and visit. (A) Global Deficit Score (GDS) on clinical neuropsychological tests (the primary end point). (B) International Cancer and Cognition Task Force (ICCTF) criteria on clinical neuropsychological tests. (C) GDS on Cambridge Neuropsychological Test Automated Battery tests. NPI is defined as GDS greater than 0.5, and GDS is adjusted for practice effect at 6-, 12-, and 24-month visits. ICCTF criteria are defined as T score less than 1.5 standard deviations (SDs) below the mean (T < 35) on two tests or T score less than 2 SDs (T < 30) on one test.
CRC, colorectal cancer; CTh+, received adjuvant chemotherapy; CTh−, did not receive adjuvant chemotherapy.
on neurocognitive performance over the study period. Female sex and non-English primary language were negatively associated with cognitive performance.
In multivariable analysis, CRC disease status, duration of follow-up, female sex, and non-English primary language remained significant (P < .05) predictors decline in cognitive function from baseline to 12 months compared with 4% of HCs (P = .001; Figure 3 ). Men (P < .001) with CRC and those with English as a second language (P = .019) were more likely to have cognitive decline with time, but there was no significant difference in age or education between those who did and did not decline. On multivariable analysis, only male sex remained significant (P < .001).
Results were similar after excluding non-English primary language participants. Baseline cognitive impairment was not predictive for subsequent decline. Patients who received chemotherapy had more cognitive decline than those who did not, but this was not significant after adjusting for age, education, sex, language, and country. Findings were similar for interaction of chemotherapy and sex; the main effect for chemotherapy (hazard ratio, 1.51; 95% CI, 0.43 to 5.37; P = .521) and the interactive effect were not significant (P = .823), but sex remained significant (hazard ratio, 3.95; 95% CI, 1.34 to 11.67; P = .013). Analysis of summary regression-based change scores confirmed more cognitive impairment in patients with CRC than HCs (P < .001) in all cognitive domains except visual memory, and cognitive impairment was greatest in women (P < .001).
■ ■ Self-reported cognitive impairment
Perceived cognitive impairment was more common at 6 months in participants who received chemotherapy (32%) than in those who did not (16%; P = .007) or in HCs (12.5%), but there were no significant differences between groups at 12 months. At each time point, there was only weak association between objective neuropsychological performance on both of the clinical tests and CANTAB and a summary score of self-reported cognitive function (12 months: clinical, r = 0.20; CANTAB, r = -0.15). A moderate association was found at each assessment between cognitive symptoms and fatigue (r = 0.37 to 0.55), QOL (r = 0.40 to 0.54), and anxiety/ depression (r = 0.36 to 0.43), but these variables were not associated with objective neuropsychological performance.
■ ■ Blood results
Mean hemoglobin levels were within the normal range but were lower at baseline in patients with CRC than HCs and lower at 6 months in those who received chemotherapy. Estradiol levels were higher in female HCs than women with CRC, with a trend for higher testosterone levels in men with CRC. Patients with CRC had significantly higher levels of most cytokines compared 
Key points
• Men (P < .001) with CRC and those with English as a second language (P = .019) were more likely to have cognitive decline with time, but there was no significant difference in age or education between those who did and did not decline. No significant association was found between global cognitive function (clinical GDS, CANTAB GDS) and hemoglobin, liver function tests, clotting factors, or cytokines. In women, low estradiol was associated with global cognitive impairment (ρ = 0.29; P < .001) and reduced informationprocessing speed and verbal and visual memory (ρ = 0.2 to 0.38; P < .001). Some cytokines (especially interleukin [IL] -6, IL-8, IL-10, and IL-12) were associated with reduced information-processing speed (ρ = 0.18 to 0.40). No association was found between the presence of E4 alleles and any measure of cognitive function, receipt of chemotherapy, or smoking status.
■ ■ Discussion
This large prospective study compared longitudinal cognitive changes in individuals after diagnosis of CRC with a group of HCs and compared patients with CRC who did and did not receive chemotherapy. The HCs allowed evaluation of the effect of the cancer itself on cognitive function. The substudy of patients with recurrent/metastatic disease provided preliminary information about the influence of more advanced disease on cognitive function.
Our main finding is that diagnosis of CRC leads to substantial cognitive impairment compared with HCs, and this persists at 2 years. Depending on criteria used, rates of cognitive impairment for patients with localized CRC ranged from 36% to 52% between baseline and 24 months compared with 6% to 19% in HCs. Cognitive domains affected were processing speed, verbal memory, and attention/working memory. We found no significant difference in rates of objective cognitive impairment in those who received chemotherapy and those who did not, even at 6 months, soon after completing chemotherapy.
One difficulty in performing longitudinal studies is determining true change over time because cognitive testing is influenced by practice. We used a conservative measure of cognitive decline with repeated testing in the HCs to correct for practice effect. Our results suggest that 24% of patients with CRC had deterioration greater than expected from baseline to 12 months, compared with 7% of HCs. There was a nonsignificant trend for more cognitive decline in patients with localized CRC who received chemotherapy than in those that did not (32% vs. 23%, respectively; P = .14). Cognitive decline in patients with CRC might be an underestimate because those who dropped out early had lower baseline cognitive scores, less education, and higher rates of English as a second language; those who struggled initially may have been less likely to return for further assessments. Cognitive decline over time raises the question of whether patients with cancer, particularly those who receive chemotherapy, may be at risk for accelerated cognitive aging. 18, 19 Those with lower preexisting cognitive reserve are expected to be at greater risk; 20,21 although our study did not show such an effect, it is confounded because those with less cognitive reserve were more likely to drop out. Longer follow-up is required to address this issue.
The vast majority of cognitive studies in patients with cancer have been in women with breast cancer. 4 The present large study allows the comparison of differences in cognitive function between men and women with cancer. Women with CRC had The etiology of cognitive impairment in patients with cancer remains elusive. Our patients with CRC had persistently elevated cytokine levels without evidence of a recurrence, but there was no association of cognitive impairment with cytokine levels.
In contrast to studies in women with breast cancer, 22, 23 we found no evidence of higher rates of cognitive impairment in those with an E4 allele on apolipoprotein genotyping.
Limitations of our study are that our HCs were not well balanced for sex or primary language and were not assessed at 24 months. Because women had more cognitive impairment than men, this could underestimate cognitive differences between patients with localized CRC and HCs. As in all longitudinal studies, data were missing for some patients with cancer. Withdrawal was most often secondary to disease progression, time constraints, and a desire not to be reminded of their cancer.
Strengths of our study include the large sample size in a cancer that affects men and women, the prospective longitudinal study design with two control groups (one that is disease specific and one of HCs), comprehensive cognitive assessments, and the mechanistic correlates. Our data show that the diagnosis of even localized cancer is associated with substantial rates of sustained cognitive impairment. Patients with a new diagnosis of cancer should be advised about possible cognitive effects of their disease. more cognitive impairment than men at each assessment, but men had a greater risk of cognitive decline over time.
The finding of more impairment at 12 and 24 months in patients receiving adjuvant fluorouracil alone compared with oxaliplatin combinations should be interpreted with caution because of the small numbers in the subgroups, particularly at 24 months. This may be a selection bias because patients with comorbidities, who are older or have poorer performance status, are less likely to be offered oxaliplatin.
Consistent with previous results, we found only weak association between neuropsychological performance and cognitive symptoms. Despite significant differences in objective cognitive function between patients with cancer and HCs, there was no difference in cognitive symptoms at baseline. There was a transient effect for patients who received chemotherapy to report more cognitive symptoms at 6 months than those who did not, without significant differences in rates of objective cognitive impairment.
As in other studies, we found no association of fatigue, anxiety/depression, or QOL with neuropsychological performance, but these variables were associated with cognitive symptoms. This highlights the importance of assessing fatigue and anxiety/depression, and treating them if present, in patients who selfreport cognitive impairment.
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